The role of spin polarization on adsorption of atomic and molecular hydrogen on Si(111)(1 × 1) surface is examined by comparing the results of the local spin density approximation (LSD) and those of the local density approximation (LDA). A large improvement of the adsorption energies (around 0.8 eV/H) was found for the H atom adsorbed on Si(111)(1 × 1) surface. The inclusion of spin polarization reduces the overbinding between the H atom and the silicon surface and its effect is much more pronounced when the H atom is far away from the surface. Despite of the large changes in the adsorption energies, the main character of the potential energy surface of the H atom on Si(111)(1 × 1) surface is retained. An opposite effect is found in the charge-density-transfer map of LSD results as compared to LDA results for the H atom approaching the surface through the H3 path, in which the H atom loses electrons rather than gains electrons from the surface. The fact that the H atom tends to lose electrons in the silicon bulk has already been reported by the experimental studies for the behavior of the H atom in the p-type silicon. For the molecular hydrogen on Si(111)(1 × 1) surface, the effect of the spin polarization is so small that it can be neglected.
Introduction

I
n recent years, the density functional theory (DFT) [1] with the local density approximation (LDA) [2] has become an important tool of computational physics, especially for the structural and electronic properties of condensed systems. It is now generally recognized as a reliable and accurate method for the ground-state properties of solid systems, e.g., surface relaxation and reconstruction, the predictions of lattice constants, bulk moduli, and phonon frequencies (see, e.g., the review article of Jones and Gunnarsson [3] ). Despite its enormous successes, the LDA has some shortcomings. The most important is the systematic overestimates of the binding energies for the molecular systems and the cohesive energies for the condensed systems. The discrepancies between the calculated and measured quantities are rather serious for the finite systems, e.g., atoms, molecules, and clusters. It is usual to include the spin-density polarization in the calculations of the atomic and molecular systems, either with magnetic or with nonmagnetic properties, and the overestimation of the binding energies was reported to be improved [4] . However, the role of the spin polarization in the nonmagnetic surface and adsorbed systems is rarely discussed.
In this study we present the effect of inclusion of spin polarization in the calculation of the atomic and molecular hydrogen on the Si(111)(1 × 1) surface. The calculations use DFT with local spin density approximation (LSD) and are compared with our previous LDA studies of the H atom adsorbed on the Si(111)(1 × 1) surface, the H atom approaching the Si(111)(1 × 1) surface [5] , and H 2 approaching the Si(111)(1 × 1) surface [6, 7] .
In our previous LDA studies of the potential energy surface (PES) of the H atom adsorbed on the Si(111)(1 × 1) surface [5] , the T1 site (Fig. 1) is the chemisorption position as the dangling bonds of the surface silicon atoms make T1 sites the perfect positions for bonding with hydrogen atoms. The T4 and H3 sites (Fig. 1) , which are the positions right on top of the second and fourth layer of silicon atoms, are the local maxima. There is a saddle point that occurs at the M2 site, which is the middle position between the T4 and H3 sites. Taking the spin polarization into the calculation, it was found that the main characters of the PES of the H atom on the Si(111)(1 × 1) surface are not changed. However, the adsorption energy of the H atom on the T1 site is raised about For the LDA studies of the H atom approaching the Si(111)(1 × 1) surface, the energy curves for the H atoms approaching the T1 and T4 sites exhibited strong repulsion as the H atom nears the surface. For the H atom approaching the H3 site, the energy curve was much softer as the H atom nears the surface [5] . The effect of spin polarization is more important when the H atom is farther away from the surface. However, the charge density transfer exhibits an opposite effect as compared to the LDA result for the H atom approaching the H3 site. The H atom loses electrons to the surface rather than gain electrons as in the LDA results, though the main character of the energy curves are still retained. That the H atom prefers to lose electrons in the silicon bulk was already reported by the experimental studies for the behavior of the H atom in the p-type silicon (e.g., Johnson and Moyer [8] ).
For the hydrogen molecule interacting with the Si(111)(1 × 1) surface, as revealed in the studies with LDA [6, 7] , the path of H 2 approaching the M2 site was the lowest energy path for H 2 approaching the surface with the bond length fixed the same as that of the free H 2 . Studies with the allowance of the variation of the H 2 bond length give a possible dis-sociative chemisorption process for H 2 approaching the M2 site with the molecular axis directed to the two nearest T1 sites. The M2 site is the saddle point on the PES of the H atom adsorbed on the Si(111)(1 × 1) surface. The difference between the formation energies of the LSD results and the LDA results for H 2 on the Si(111)(1 × 1) surface is well below the error bar in our calculations; it indicates that the effect of spin polarization can be neglected.
The calculation method and the definition of the adsorption energy and formation energy are presented in the next section while details of the results and discussions are in the third section.
Calculation Method
The calculations were based on the density functional theory [1] with either local density approximation [2] or local spin-density approximation. The Ceperley-Alder form [9] was used to calculate the exchange-correlation energy in the LDA calculations. In the LSD calculations, the Xα model was used to obtain the exchange energy while the correlation energy was taken from the Perdew-Zunger parameterization [10] of the Ceperley and Alder results [9] for the spin-polarized electron gas. To be consistent with our previous studies the normconserving pseudo-potentials for the silicon and hydrogen ions were taken from Bachelet et al. [11] . Using the bare Coulomb potential for hydrogen ions gives only a small difference in the adsorption energy, and the formation energy was also confirmed in the study by Chang and Chadi [12] .
All the structures in the calculations are periodic systems with slab configurations. The unit cell with a total length of nine double layers contains six double layers of silicon along the [111] direction. This size of the unit cell was tested and proved to be large enough for the surface studies [13] . The wave functions were expanded with plane waves and the calculations were done in the momentum space [14] . The samplings of k points for integration over the first Brillouin zone were chosen with the scheme of Monkhorst-Pack [15] . The convergence tests in the k-point sampling and the basis set expansion were carried out for the H atoms and H 2 at different positions on the surface and the error bar is estimated to be less than 0.1 eV/H 2 . For the k-point samplings, up to 25 points in the first Brillouin zone was used, and the energy cutoff up to 12 Rydberg was performed for the testing of basis set expansion. This corresponds to be about 4830 plane waves. All the surface unit cells in these calculations are the same as the unit cell in our previous studies [5 -7] .
The adsorption energy (E ad ) of the H atom on the Si(111)(1 × 1) surface is defined as the difference between the total energy of the adatom structure (E sf+H ) and the sum of the total energies of the ideal Si(111)(1 × 1) surface structure (E sf ) and the free hydrogen atom (E H ):
Similarly, the formation energy (E f ) of H 2 on the Si(111)(1 × 1) surface is defined as the difference of the total energy of the adsorbate structure (E sf + H 2 ) and the sum of the total energies of the ideal Si(111)(1 × 1) surface structure and free hydrogen molecule (E H 2 ):
The charge density transfer of the adatom structure is defined as
where n sf+H (r), n sf (r), and n H (r) are the charge densities of a snapshot for the hydrogen atom approaching the Si(111)(1 × 1) surface, the charge density for the Si(111)(1 × 1) surface, and the charge density for free hydrogen at the corresponding position of the snapshot of the adatom structure.
Results and Discussion
HYDROGEN ATOM ADSORBED ON Si(111)(1 × 1) SURFACE
The effect caused by including spin polarization in the calculation of the H atom on the Si(111)(1 × 1) surface can be revealed by analyzing the potential energy surface (PES) of the H atom adsorbed on the Si(111)(1 × 1) surface and the energy curves of the H atom approaching the Si(111)(1 × 1) surface.
For the PES of the H atom on the Si(111)(1 × 1) surface, the H atom was fixed at the height of z = 1.48 Å above the surface, which is the bond length of SiH 4 . The relaxed structures of the H atom on the Si(111)(1 × 1) surface were also calculated. The adsorption energies of the H atom on the Si(111)(1 × 1) surface along the [112] and [110] (see Fig. 1 ) are shown in Figure 2 , the adsorption energy is raised from −4.5 to −3.8 eV/H and becomes −3.7 eV/H after being corrected by the zero-point motion of stretching mode of the bonding between the H atom and the surface silicon atom. This value agrees much better with the experimental result, which is −3.6 eV/H [16] , than the LDA result. It demonstrates that including the spin polarization in the calculation improves the overestimate of the adsorption energies calculated with LDA. The main contribution of the large E ad comes from the large difference between the E H ( E H = E LSD H − E LDA H ≈ 0.6 eV/H) evaluated with LSD and LDA. The total energy differences of the surface structure E sf = E LSD sf − E LDA sf studied with LSD and LDA has less contribution (around 0.11 eV) than E H while the total energy differences of the adatom structure E sf+H = E LSD sf+H − E LDA sf+H obtained by LDA and LSD are well below 0.001 eV. Remember that the spin polarization corrects the overbinding between the H atom and the surface silicon atoms and leads to the improvement for the adsorption energies. Despite the adsorption energies calculated with LSD and LDA have large difference, the main character of the PES is still retained.
HYDROGEN ATOM APPROACHES Si(111)(1 × 1) SURFACE
In the studies of the H atoms approaching the Si(111)(1 × 1) surface, three perpendicular surface paths passing through the three 3-fold symmetry sites, i.e., T1, T4, and H3 sites, were selected. The energy curves of the H atom approaching the T1, T4, and H3 sites calculated with LSD (solid lines) and LDA (dashed lines) are plotted in Figures 3(a) , (b), and (c), respectively. As the mass of the H atom is much smaller than that of silicon atoms, the energies were calculated without structure relaxation. When the H atom approaches the T1 site, the energy difference ( E ad ) increases initially and after the H atom passing through the position of z c = 3 Å the difference stays constant, except for the H atom at z = 1.23 Å [ Fig. 3(a) ]. As the H atom approaches the T4 (and H3) site, the E ad also increases and stays constant when the H atom comes closer to the surface of z c = 2 (and 1) Å. For the three approaching surface processes, the well depths of the energy curves studied with LSD are smaller than those studied with LDA. Although the well of the energy curve for the H atom approaching the H3 site becomes shallower in the LSD calculations [ Fig. 3(c) ], the barrier of the H atom penetrating into the silicon The charge density transfers of the H dimer on the Si(111)(1 × 1) surface are presented for further examining the effect of spin polarization on this H-atom-adsorbed surface system. The chargedensity-transfer maps of the H atom adsorbed on the T1 site from both calculations are shown in Figure 4 . The proton is fully immersed in the bonding charge (positive charge density transfer) region and the spin polarization in the LSD renders the positive charge density transfers [ Fig. 4(a) ] weaker than that of the LDA results [ Fig. 4(b) ]. For the H atom on the other sites, the charge-density-transfer maps also show that the bonding between the H atom and the surface silicon atom of LSD is weaker than that of LDA. It indicates that the spin polarization removed the excessive bonding between the H atom and the silicon surface atom. However, the H atom behaves like an anion as the H atom near the T1 and T4 sites either in LSD or LDA results. Furthermore, an amazing change of the charge density transfers occurs as the H atom approaches the H3 site and the charge density transfers of LSD shows opposite effect to those of LDA. Further discussions on this aspect are given below.
The contour plots of the charge density transfers of the H atom approaching the H3 site are drawn in Figure 5 . The LSD results show the interactions of the H atom and the surface Si atom initially [ Fig. 5(a) ] are weaker than the LDA result [ Fig. 5(e) ]. As the H atom moves near the surface, the charge density transfers of LSD [ Fig. 5(b)-(d) ] is quite different from those of LDA [ Fig. 5(e)-(f) ]. In the LSD calculation, some negative charge density transfers formed around the proton, which is not found in the LDA result due to a rather localized nature in the charge density distributions of free H atom calculated with LSD. The difference between the charge density distributions studied with LSD and LDA for the adatom structure and clean surface structure is smaller than that of the free H atom. In the H3 path, H atoms behave more like a cation than an anion, which is opposite to the result of LDA. Remember that the H atom behaves more like an anion as the H atom is near the T1 and T4 sites both in the LSD and LDA results. Though the difference between the E ad of the H atom on the T1 (or T4) and H3 sites is very small, the behavior of the H atom is quite different for the H atom on the H3 and T1 (or T4) sites. This cationlike property continues even under the surface [ Fig. 5(d) ]. That H atom tends to lose electrons in the silicon bulk was already reported by the experimental studies for the behavior of the H atom in the p-type silicon [8] .
In addition to the energies and the charge density transfers, the spin moment of the H atom approaching the Si(111)(1 × 1) surface were also investigated by LSD calculation and are shown in Figure 6 . For the H atom approaching the T1 and T4 sites, the spin moment changes abruptly at a separation of 3 and 2 Å, respectively, between the H atom and the surface. For the route to the H3 site, the spin moment is oscillating as the distance varies. It indicates that the spin polarization effect is site dependent (H3 > T4 > T1) and can explain why a large change of charge density transfers of the H atom approaching the H3 site is found as stated above. 
HYDROGEN MOLECULE APPROACHES Si(111)(1 × 1) SURFACE
According to our previous studies of hydrogen molecule on the Si(111)(1 × 1) surface with LDA [6, 7] , the lowest energy path with fixed bond length is the path where H 2 approaches the M2 site with the molecular axis directed to the nearest T1 sites. Variations of the H 2 bond length were found to lead a direct dissociative chemisorption process. Our calculations of H 2 on the Si(111)(1 × 1) surface with the LSD focus on the process of H 2 approaching the M2 site with fixed bond length and the direct dissociative chemisorption process.
The energy curves of H 2 approaching the M2 site with fixed bond length and along the dissociative chemisorption process are shown in Figure 7 , where the interatomic distance of H 2 at each energy data point corresponds to the equilibrium bond length of the H 2 at the height, i.e., the bond length of H 2 giving the minimum energy at height z. Like the H atom on the Si(111)(1 × 1) surface, the formation energies of H 2 on Si(111)(1 × 1) surface of LDA are lower than the LSD results. However, the difference between the formation energies of LSD and LDA re-
) is less than 0.1 eV/H, which is the error bar in our calculations. That is, the formation energies of H 2 on the Si(111)(1 × 1) surface studied with LSD and LDA is indistinguishable in our calculations. There is no distinguishable difference by including the spin polarization into approaching the M2 site of Si(111)(1 × 1) surface while the molecular axis is directed to the nearest T1 sites (see Fig. 1 ). The energies with fixed bond length of free H 2 is denoted by squares and the energies of the dissociative chemisorption process is denoted by circles. At each data point, the interatomic distance of the two H atoms of H 2 is the equilibrium bond length of the height z. the calculation either for H 2 approaching the M2 site with fixed bond length or for the dissociative chemisorption process.
Conclusions
We have carried out first-principles calculations to study the effect of including the spin polarization in DFT calculations on the atomic and molecular hydrogen on Si(111)(1 × 1) surface. The effect of spin polarization on the hydrogen molecule interacting with the Si(111)(1 × 1) surface is small and can be neglected. A large improvement on the adsorption energies of the H atom on the Si(111)(1 × 1) surface is found as compared to the LDA result. Inclusion of the spin polarization removes the excessive bonding between the H atom and the silicon surface atom and thus reduces the overbinding in the local density approximation. This effect becomes more important at large separation between the H atom and the surface. LSD results indicate that the H atom prefers to lose electrons as it approaches the H3 site while LDA results point to another way, i.e., the H atom prefers to gain electrons. In spite of the large variation of the adsorption energies revealed upon the inclusion of spin polarization in the calculation, the main character of the potential energy
